PDB references: ubiquitin, K33S mutant, 4pih; K11S mutant, 4pig; K11S/K63S double mutant, 4pij Ubiquitin has many attributes suitable for a crystallization chaperone, including high stability and ease of expression. However, ubiquitin contains a high surface density of lysine residues and the doctrine of surface-entropy reduction suggests that these lysines will resist participating in packing interactions and thereby impede crystallization. To assess the contributions of these residues to crystallization behavior, each of the seven lysines of ubiquitin was mutated to serine and the corresponding single-site mutant proteins were expressed and purified. The behavior of these seven mutants was then compared with that of the wild-type protein in a 384-condition crystallization screen. The likelihood of obtaining crystals varied by two orders of magnitude within this set of eight proteins. Some mutants crystallized much more readily than the wild type, while others crystallized less readily. X-ray crystal structures were determined for three readily crystallized variants: K11S, K33S and the K11S/K63S double mutant. These structures revealed that the mutant serine residues can directly promote crystallization by participating in favorable packing interactions; the mutations can also exert permissive effects, wherein crystallization appears to be driven by removal of the lysine rather than by addition of a serine. Presumably, such permissive effects reflect the elimination of steric and electrostatic barriers to crystallization.
Introduction
Crystallization chaperones can facilitate the crystallization of refractory targets, including membrane proteins, RNA and intrinsically disordered molecules (Zhang & Ferré -D'Amaré, 2014; Bukowska & Grü tter, 2013; Griffin & Lawson, 2011; Koide, 2009 ). The term 'crystallization chaperone' is customarily applied to proteins or other macromolecules that noncovalently bind the target molecule to be crystallized; they aid crystallization by stabilizing a single conformation and/or providing additional surface area that can form lattice contacts. Our laboratory has recently developed a variation on this approach, in which a ligand known to bind to a crystallization target is covalently attached to the C-terminus of a carrier protein; afterwards, the ternary complex of carrier protein, ligand and target is crystallized. This approach has proven particularly useful for crystallizing large natural product antibiotics in complex with their ligands (Economou et al., 2012 (Economou et al., , 2013 . As is true for classical crystallization chaperones, the carrier protein contributes additional surface for crystal contacts; it also enhances the solubility of the target-ligand complex and simplifies phasing of the diffraction data, since the carrier protein can serve as a molecular-replacement probe or be labeled with selenomethionine for anomalous dispersion experiments.
Ideally, carrier proteins should be stable, highly soluble and easily expressed and purified. Two examples that have worked in our hands are maltose-binding protein (MBP) and T4 lysozyme (Economou et al., 2012) . However, because different target molecules behave differently with different carrier proteins, it would be advantageous to add more proteins to this list. One obvious carrier-protein candidate is ubiquitin. It is small, robust and easily expressed, and has proven to be useful as a solubility-enhancing fusion partner during protein expression (Baker, 1996; Catanzariti et al., 2004) . In addition, because of its biological role as a signaling molecule, it has been evolutionarily selected to be covalently attached to various other molecules via its C-terminus. Since our strategy requires covalent attachment of ligands at the C-terminus of a carrier protein, ubiquitin would seem to be particularly well suited to this application. However, while we have succeeded in using ubiquitin as a carrier protein for several different ligand-target complexes (Economou et al., 2012 (Economou et al., , 2013 , the crystallization has not been facile, nor has it produced extremely well ordered crystals. We reasoned that the disappointing performance of ubiquitin as a crystallization chaperone may be owing to the presence of multiple lysine residues on the surface of the protein.
It is well established that large, flexible side chains are excluded from crystal contacts because locking these side chains into packing interactions is accompanied by an unfavorable loss of entropy (Derewenda & Vekilov, 2006; Longenecker et al., 2001) . Lysine side chains are large and flexible, and converting them to smaller amino acids such as alanine or serine is therefore predicted to promote crystallization. This 'surface-entropy reduction' approach has enjoyed considerable success in improving crystallization behavior, both in general (Derewenda, 2011) and in particular for a crystallization chaperone (Moon et al., 2010) . In the case of ubiquitin, seven of the 76 amino acids in the protein are lysines (9.2%), whereas the average lysine composition of eukaryotic proteins is approximately 6% (Tourasse & Li, 2000; Tekaia & Yeramian, 2006) . To assess how these lysine residues contribute to the crystallization behavior of ubiquitin, we have adopted a surface-entropy reduction strategy in which each lysine residue is mutated in turn to serine. Our first step focuses on ubiquitin itself, without adding any fused ligands or target molecules; the underlying assumption is that mutations that promote the crystallization of ubiquitin alone will also prove to be useful when ubiquitin is used as a carrier protein together with various target molecules. Here, we characterize the crystallization behavior of different mutants of ubiquitin alone, and describe X-ray crystal structures of three mutant proteins that exemplify some of the principal effects of lysine mutation.
Methods

Protein production and purification
The gene encoding untagged, wild-type human ubiquitin (76 residues) was subcloned into the pRSETA expression vector between the NdeI and EcoRI restriction sites. Single-site mutations were introduced into the wild-type sequence using the QuikChange II sitedirected mutagenesis kit (Agilent Technologies); the K11S/K63S double mutant was produced by engineering the K63S mutation into the K11S plasmid.
Ubiquitin expression plasmids were transformed into Escherichia coli Rosetta 2(DE3) competent cells (EMD/Millipore). A single transformed colony was picked and grown for protein production using auto-inducing ZYP-5052 medium (Studier, 2005) . Bacterial cells were grown in this medium for 20 h at 30 C with shaking at 225 rev min À1 . The cells were harvested at 3500g for 15 min at 277 K and the pellet was washed with phosphate-buffered saline (PBS; 12 mM sodium/potassium phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl), re-pelleted and stored at 193 K.
All protein purification steps were carried out at 277 K. The cell pellet was thawed and suspended in eight volumes of PBS supplemented with 2 mg ml À1 DNase, 2 mg ml À1 RNase, 10 mM Mg 2 SO 4 (final concentrations). Cells were lysed by two passes through an Emulsiflex C5 cell disruptor and the cell lysate was clarified by centrifugation at 10 000g for 30 min. Perchloric acid was added to the supernatant to a final concentration of 0.5%(v/v) and the solution was stirred for 30 min, after which it was centrifuged again at 10 000g for 30 min. The supernatant was dialyzed against 50 mM sodium acetate pH 5.2 (overnight, three changes) using 3000 MWCO dialysis tubing. The sample was then passed through a 0.22 mm filter and loaded onto a 5 ml SP1 cation-exchange column (GE Life Sciences). The column was pre-equilibrated in 50 mM sodium acetate buffer pH 4.5 and samples were eluted with a 0-40% NaCl gradient in the same buffer over 20 column volumes. The flow rate was 3 ml min À1 . Fractions corresponding to the ubiquitin protein peak were pooled, concentrated to 2 ml and loaded onto a Sephacryl S100 size-exclusion column (1.6 Â 60 cm; GE Life Sciences) equilibrated with 50 mM MES, 150 mM NaCl pH 6. The column was eluted using a flow rate of 0.3 ml min À1 . Fractions corresponding to the ubiquitin protein peak were pooled and concentrated. The buffer concentration was lowered by several rounds of concentration, dilution with water and reconcentration. The final protein concentration was 20 mg ml À1 and the final buffer composition was 1 mM MES, 3 mM NaCl pH 6.
Crystallization
All crystallization experiments were carried out at 291 K. The commercial screens chosen for crystal screening were the The Classics, Classics II, PEGs and PEGs II Suites from Qiagen. Initial screening was conducted in 96-well sitting-drop vapor-diffusion plates (Greiner). In each well, 1 ml protein sample (20 mg ml À1 in 1 mM MES, 3 mM NaCl pH 6) was mixed with 1 ml reservoir solution; the volume of the reservoir solution was 100 ml. Crystals of the K11S and K11S/K63S mutants were optimized in 24-well plates using hangingdrop vapor diffusion, with drops consisting of 1 ml protein solution plus 1 ml reservoir solution and a reservoir volume of 1 ml. Reservoir solutions for the different mutant proteins were as follows: K11S, 0.05 M calcium chloride, 0.1 M HEPES pH 7.5, 19% PEG 4000; K33S, 0.2 M calcium chloride, 0.1 M Tris pH 8.5, 25% PEG 4000; K11S/ K63S, 0.2 M ammonium sulfate pH 4.5, 25% PEG 4000.
Diffraction analysis
Crystals were mounted in nylon loops, briefly dunked in a cryoprotectant solution consisting of three volumes of glycerol plus seven volumes of reservoir solution and flash-cooled by immersion into liquid nitrogen. Data were collected at 100 K in the home laboratory equipped with a MicroMax-007 rotating-anode X-ray source and an R-AXIS IV ++ image-plate detector (K11S) or on beamline 17-ID of the Advanced Photon Source equipped with a PILATUS 6M pixelarray detector (K33S and K11S/K63S).
Data processing was conducted with XDS (Kabsch, 1988 ) and molecular replacement was carried out using the AutoMR mode of Phaser as implemented in the PHENIX suite of programs (Adams et al., 2010; Bunkó czi et al., 2013) . The A chain from PDB entry 3h7p (Weeks et al., 2009 ) was used as the probe molecule for molecular replacement. Refinement was carried out using PHENIX v.1.8.2-1309 (Adams et al., 2010) . Rounds of refinement were alternated with map inspection and manual modification using Coot (Emsley et al., 2010) . For the K33S and K11S/K63S mutants, TLS refinement was incorporated in the final stages of refinement, treating each protein monomer as a TLS group (Painter & Merritt, 2006) . For all three structures described here, electron density was poor at the C-terminus of the protein; such C-terminal disorder is common in ubiquitin structures and is likely to reflect the inherent flexibility of the ubiquitin linkage site. In the case of the K11S and K11S/K63S mutants, it was not possible to fit the final residue (Gly76) into density for half (K11S) or all (K11S/K63S) of the molecules in the asymmetric unit. Validation analysis of the final refined structures was carried out using MolProbity (Chen et al., 2010) . Representative examples of the final refined 2F o À F c maps are shown in Supplementary Fig. S1 1 . Refined models and diffraction data have been deposited in the Protein Data Bank with accession codes 4pig (K11S), 4pih (K33S) and 4pij (K11S/K63S). The Nearest-cell program was used to search the PDB for ubiquitin crystals having unit cells similar to those of the mutants (Ramraj et al., 2012) ; none were found. Analysis of the crystal-packing interfaces was performed using the European Bioinformatics Institute PISA server (https://www.ebi.ac.uk/ pdbe/pisa/; Krissinel & Henrick, 2007) .
Results
Crystal screening
Seven single-site mutants of ubiquitin were constructed corresponding to the seven possible lysine-to-serine mutations. Only single-site mutations were considered, although in many instances mutating two or three adjacent residues has been shown to produce superior crystals (Longenecker et al., 2001) ; we reasoned that the small size of ubiquitin ensured that mutating even a single lysine would produce a meaningful change in the surface properties of the protein. Serine was chosen as the replacement residue, rather than the more commonly used alanine , in an effort to maximize the solubility of the mutant proteins (Trevino et al., 2007) . All seven mutants were expressed in E. coli using a pET-based vector; all seven expressed at levels comparable to that of the wild type and all seven mutant proteins were readily purified using the wild-type protocol. To assess the crystallization behavior of the various mutant proteins, the seven mutants plus wild-type protein were subjected to four commercially available crystallization screens, each containing 96 conditions, at a single temperature (291 K). Crystallization behavior was scored by examining each drop for obviously crystalline structures, including both single crystals and clusters of plates or needles; any drop containing such structures was scored as a 'hit'. No effort was made to verify that all hits were actually protein crystals rather than salt crystals. However, given that salt and buffer concentrations were deliberately kept low in the protein solutions, and that the crystallization screening kits have been pre-optimized to minimize salt-crystal formation, we judged that the rate of false positives owing to salt crystallization was likely to be quite low. Crystallization experiments were allowed to incubate for 6 d before scoring.
The results of the crystal screening experiments are summarized in Fig. 1 and Supplementary Table S1 . For the 384 experimental conditions tested, the wild-type protein gave a hit rate of 3.1%. Different mutants displayed markedly different behaviors in the crystallization screen, with some mutants showing a reduced propensity to crystallize while others crystallized much more readily than the wild type. Hit rates for the seven mutants ranged from less than 1% to over 20%. The best-performing mutant by far was the K11S variant, with a hit rate of 20.8%; two other mutants also showed improved crystallization behavior, namely K33S and K63S, with hit rates of 7.3 and 6.3%, respectively. The remaining four mutant proteins displayed lower hit rates than the wild-type protein. It should be emphasized that these hit rates reflect a single protein preparation and single crystal screen for each mutant; since vapordiffusion experiments are known to exhibit intrinsic variability (Newman et al., 2007) , small numerical differences in these hit rates are unlikely to be significant.
To probe whether combining different mutants might lead to synergistic effects, a double mutant was prepared combining the K11S and K63S mutations. This mutant protein was also readily expressed and purified. It was tested in two of the four crystal screens (The Classics and Classics II Suites), where it behaved in an intermediate manner: for the 192 conditions in these two screens, the K11S and K63S single mutants and the K11S/K63S double mutant gave hit rates of 26, 9.4 and 17.7%, respectively. Hence, for this pair of mutations at least, no evidence of synergy was observed.
Examples of mutant protein structures
Crystals from several particularly promising conditions were selected for structural analysis. In one case (K33S) a crystal was taken directly from one of the initial screening conditions; in two other cases (K11S and the K11S/K63S double mutant) conditions that appeared encouraging in the initial screens were subjected to optimization, subsequently yielding large single crystals. Structures were determined and refined for all three mutants, using data measured at resolutions ranging from 1.95 to 1.50 Å (Table 1) .
Comparison of overall folds
For all three mutants, the overall fold of the protein was compared with that of wild-type ubiquitin. In order to make this comparison, we first assessed the range of normal structural variation expected for the unmutated protein by superposing nine independent structures of wild-type ubiquitin ( Supplementary Table S2 ) using the SALIGN server (Braberg et al., 2012) . Fig. 2 shows how the root-mean-square (r.m.s.) deviation from the average position varies with residue number for these nine superposed structures. The most conformationally variable positions in the wild-type protein are seen to be the N-and C-termini and three surface-exposed turns located near residues 8, 33 and 46, respectively.
Once we had established the degree of conformational variability for the wild-type protein, we then determined whether each mutant Hit rates obtained for wild-type ubiquitin and the seven single-site lysine-to-serine mutations. The total number of crystalline hits obtained out of 384 conditions representing four 96-well commercial screens are shown. Hits are broken down on a per-screen basis in Supplementary Table S1 . differed significantly from the wild-type conformation by superposing all independent copies of each mutant structure upon the average wild-type structure (Kabsch, 1976 (Kabsch, , 1978 and calculating the distance of each mutant C position from the average wild-type position (Fig. 2) . This comparison revealed the folds of the mutant and wildtype proteins to be essentially similar. As seen for the wild type, the positions of greatest variability in the mutants are centered around residues 8, 33 and 46; this holds true regardless of whether or not a given mutation lies near one of these variable regions. We therefore conclude that the mutations do not elicit any significant perturbations in the fold of the protein.
Differences in crystal packing
The three mutants studied display marked differences in crystal packing. Each of the mutants crystallizes in a different crystal form, and these three crystal forms are distinct from those of any monoubiquitin or polyubiquitin structures previously found in the Protein Data Bank. The specifics of packing for each of the three mutants are described below.
3.4.1. K11S. The asymmetric unit of the K11S crystals contains four ubiquitin monomers arranged as two dimers (Fig. 3a) . The two dimers are highly similar to one another, and can be superposed with an r.m.s.d. of 0.8 Å for C positions. Within each dimer, the two monomers are related by a twofold rotational axis of symmetry. The dimers themselves are related by a pseudo-translational symmetry, which is reflected by a strong peak in the native Patterson function at approximately (0.0, 0.5, 0.0).
The interfaces within each dimer appear to be the most significant packing interactions in the crystal. Each such interface buries approximately 840 Å 2 of surface area, while the next largest packing interaction (which corresponds to one dimer packing against a neighboring dimer) buries less than 40% of this area. Interestingly, the K11S mutation lies within the dimeric interface. In one dimer, both Ser11 side chains form hydrogen bonds to the Leu73 backbone amides on the facing monomers, while in the other dimer both copies of Ser11 form water-mediated hydrogen bonds to the corresponding Leu73 backbone amides (Fig. 3b) . Thus, all four copies of the mutant residue in the asymmetric unit are engaged in packing interactions. This particular packing interaction would not be compatible with the wild-type protein, as a free lysine side chain at position 11 would be placed into close proximity with Arg72 on the facing monomer, giving rise to electrostatic repulsion.
Dimeric structures equivalent to those described here can be found in other crystal structures of ubiquitin or ubiquitin-like proteins, notably those of Lys11-linked ubiquitin dimers (Bremm et al., 2010;  and N(hkl) is the redundancy of each unique reflection hkl. § CC 1/2 is the correlation coefficient between two randomly chosen half data sets (Diederichs & Karplus, 1997) . } Calculated using the Matthews Probability Calculator (http://www.ruppweb.org/mattprob/default.html), considering the mass of the protein chains only (Kantardjieff & Rupp, 2003) . Matsumoto et al., 2010) , an insertion mutant of ubiquitin (Ferraro et al., 2006) and the ubiquitin-like protein NEDD8 (Whitby et al., 1998; Fig. 3c) . Importantly, in all of these structures the electrostatic repulsion between Lys11 on one chain and Arg72 on the facing chain is alleviated either by neutralizing the charge of Lys11 via covalent modification (as in the Lys11-linked dimers), by moving Lys11 to a different position (which is what occurs in the insertion mutant) or by removing Arg72 entirely (as in the case of NEDD8, which contains no Arg72 equivalent).
3.4.2. K33S. The asymmetric unit of the K33S crystal structure contains two molecules (chains A and B) . These molecules are arranged in the triclinic cell so as to form stacked layers of protein molecules (Fig. 4a) . The interactions between the layers are modest, but within each layer the A and B chains interact through two distinct and extensive interfaces (Fig. 4b) . The larger of these interfaces represents a novel dimeric packing interaction for ubiquitin (i.e. no similar packing interface was found in a PISA search of the PDB). The larger interface buries 720 Å 2 of surface, much of it hydrophobic; among the side chains that are at least partially buried in this interface are those of Leu8, Ile44, Val70, Leu71 and Leu73 from the A and/or B chains. No direct polar contacts are observed between the two proteins in this interface; however, two water molecules and one chloride ion are found in the interface and bridge the two protein chains.
The smaller interface (area = 435 Å 2 ) is much more open and polar in character than the larger interface. A number of hydrogen bonds connect the A and B chains across this interface, including between the side chains of Lys6 and Gln62, between the side chain of His68 and the backbone carbonyl of Glu64 and between the carbonyl O atom of Ala46 on one chain and the backbone amide of the same residue on the opposing chain. In addition, over a dozen water molecules and chloride ions populate this interface.
Ser33 is not found in either of these two major packing interfaces. Instead, both copies of this residue lie at the junction between adjacent layers in the crystal (Fig. 4a ). They do not, however, form any interactions linking the adjacent layers; rather, one copy of the Ser33 side chain participates in an internal hydrogen bond to the side chain of Glu34, while the other copy participates in no interactions whatsoever, even with water molecules. Although they do not form any direct packing interactions, both copies of the Ser33 side chain lie close to several basic residues on neighboring molecules. In the A chain Ser33 is close to the Arg42 and Arg72 residues on a neighboring molecule in an adjacent layer, and in the B chain Ser33 lies close to Arg54 on a molecule in an adjacent layer ( Figs. 4c and 4d) . The side chains of these neighboring residues are not well ordered, judging from the electron density; however, their backbone positions are well defined, meaning that their side chains cannot stray far from the position occupied by the side chain of residue 33. Therefore, a lysine at position 33 would lead to electrostatic repulsion between adjacent layers of molecules in the crystal and would be incompatible with this particular crystal packing.
3.4.3. K11S/K63S double mutant. Crystals of the double mutant contain two molecules in the asymmetric unit (again labeled A and B). There are two major packing interfaces through which the A and B chains interact (Fig. 5a ), as well as additional small points of contact. The larger interface, with an area of 502 Å 2 , is a rather open interface with multiple bridging solvent molecules and ions; this interface also partially buries the so-called Ile44 patch, a hydrophobic patch on the ubiquitin surface that is frequently exploited for recognition. Packing interfaces similar to this one can be found in many different ubiquitin crystal structures (see, for example, PDB Comparison of deviations in backbone position for wild-type ubiquitin and three mutants. In all three panels, the solid black line represents the r.m.s. deviation from the average C position for nine independent wild-type ubiquitin structures ( Supplementary Table S2 ). (a) K11S mutant. Differences in C position are shown for the mutant versus the average wild-type structure after superposition; the four independent chains in the K11S asymmetric unit are shown as open circles, filled circles, filled squares and inverted triangles for chains A, B, C and D, respectively. (b) K33S mutant. Differences in C position are shown for the mutant versus the average wild-type structure after superposition; the mutant A and B chains are represented by filled circles and inverted triangles, respectively. (c) K11S/K63S double mutant. Differences in C position are shown for the mutant versus the average wild-type structure after superposition; the mutant A and B chains are represented by filled circles and inverted triangles, respectively. entries 4jqw, 1f9j, 3alb, 3m3j, 1aar and 2o6v). Neither mutation site is near this packing interface.
The second major packing interface has an area of 464 Å 2 , and no equivalent interfaces were identified in a PISA search. This interface relies on polar interactions, many of which utilize bridging water molecules and sulfate ions. Notably, Ser11 from the A chain participates in an interaction stabilizing this interface, forming a hydrogen bond to Thr9 on the facing B chain. Ser11 from the B chain also forms a hydrogen bond to Gln62 on a symmetry-related copy of the A chain. Thus, both copies of Ser11 in the asymmetric unit are engaged in interactions that promote crystal packing. Lysine residues would not be capable of making these specific interactions; furthermore, the tight packing around these positions would not accommodate the larger lysine side chain.
Neither copy of Ser63 lies in either of the two major packing interfaces described above, but both copies are nonetheless engaged in packing interactions. Ser63 of the A chain forms hydrogen bonds to water molecules that bridge this molecule to a neighboring copy of the B chain; Ser63 of the B chain forms a hydrogen bond to the backbone carbonyl O atom of Thr9 on another copy of the B chain. Again, steric constraints would prevent a lysine side chain from occupying either of these positions.
Discussion
Surface-entropy reduction and related protein-engineering approaches to crystallization are based on the notion that small, localized changes on the surface of a protein can profoundly affect its crystallization behavior (Ruggiero et al., 2012) . The experiments described in this paper support this idea by showing that single-site mutations can alter the 'hit rates' of ubiquitin crystallization by two orders of magnitude.
An algorithm has been developed to predict mutations that are likely to enhance crystallization behavior (Goldschmidt et al., 2007) . To compare this prediction scheme with our results, we submitted the ubiquitin sequence to the Surface Entropy Reduction prediction (SERp) server (http://services.mbi.ucla.edu/SER/). The prediction server suggested three positions as good candidates for mutation, Lys33, Lys63 and Lys11, the same three sites for which we find that lysine-to-serine mutations improve the crystallization behavior. We must note, however, that the SERp recommendations included mutating additional residues adjacent to both Lys33 and Lys63, whereas we chose to mutate only the lysines. This difference may explain why the rank order of the efficacy of these mutations differs between the SERp prediction (Lys33 > Lys63 ' Lys11) and our actual results (Lys11 > Lys33 ' Lys63). Thus, because single-site mutants can behave very differently from double or triple mutants, caution should be used when comparing the SERp predictions and our results for the Lys33 and Lys63 positions.
How do local alterations of surface structure enhance crystallization? A simple model is that mutations can be promoting or permissive. Promoting mutations contribute favorable interactions at crystal contact sites; permissive mutations remove an impediment that might otherwise prevent the formation of a crystal contact. The three structures discussed in this paper provide examples of both effects.
The K11S mutant promotes the formation of a dimeric packing interaction by providing hydrogen-bonding interactions that help to stabilize this interface (Fig. 3) . However, this dimer interface is substantial, and so while the hydrogen bonds contributed by Ser11 are likely to assist in its formation, they are not crucial; indeed, Crystal packing in crystals of the K11S/K63S double mutant. (a) The two principal interfaces through which A and B chains interact. The larger interface relates the blue B chain and the green A chain; the smaller interface relates the same blue B chain to the violet A chain. The Ser11 residues are shown as yellow spheres and the Ser63 residues are shown as red spheres. (b) A detailed view of the smaller interface, showing the hydrogen bonds formed between Ser11 on the violet A chain and Thr9 on the blue B chain. A sulfate ion (shown in ball-and-stick representation) also helps to bridge these two protein molecules and interacts with threonine residues on both chains. Ser11 on the blue B chain forms a hydrogen bond to Gln62 on a different symmetry mate of the A chain (shown in cyan). similar dimeric structures are observed in crystals of ubiquitin variants that lack a serine at position 11. Notably, in all instances where these dimeric structures form, a potential electrostatic repulsion between Lys11 and a neighboring Arg72 must first be removed, either by covalent modification or movement of Lys11 or by removal of Arg72. This implies that the presence of Lys11 prevents formation of this particular dimer interface, and therefore the K11S mutation is playing a permissive role in crystallization as well as a promoting role. As an aside, we note that the biological implication of this is clear: this dimeric interface has evolved to provide a structural motif that is unique to Lys11-linked chains, providing a structural means by which the cellular machinery can distinguish such chains from other polyubiquitin species and from unlinked ubiquitin monomers.
In contrast to the K11S mutant, the K33S mutant appears to be playing a purely permissive role in the structure presented here; the Ser33 side chain of the mutant protein fails to participate in any specific interactions either within the same molecule or with neighboring molecules. However, these mutant side chains find themselves in environments within the crystal lattice that could not accommodate the larger, positively charged lysine side chain; hence, the only contribution of Ser33 to the formation of these crystals is to remove a barrier presented by the lysine.
Finally, the K11S/K63S double mutant shows both promoting and permissive effects. Both Ser11 and Ser63 make favorable hydrogenbonding contacts with neighboring molecules in the lattice, thereby promoting crystal formation. In addition, the mutations also play permissive roles, since the environments of both mutant side chains are sufficiently cramped that steric effects militate against the inclusion of lysines at either position.
Thus, the crystal-enhancing mutations observed in the structures reported here can be readily rationalized in terms of promoting and/ or permissive effects. However, how might one explain the mutants that are less likely to crystallize than the wild-type protein? At least three such mutants were identified in our screens: K6S, K27S and K29S (a fourth mutant, K48S, gave a slightly lower hit rate than the wild type, but the significance of this small difference is unclear).
Two of these mutations are likely to have deleterious effects on the stability of the protein, namely K27S and K29S. The Lys27 side chain is largely buried and is engaged in a salt bridge and a hydrogen bond to the side chain of Asp52 and the backbone carbonyl of Gln41, respectively. The Lys29 side chain is not buried, but lies flat along the surface of the protein, and interacts with the backbone carbonyl O atom of Glu16, as well as with the side chain of Asp21. Hence, it is reasonable to speculate that mutating either Lys27 or Lys29 would destabilize the protein structure, with a concomitant negative impact on crystallization behavior.
The K6S mutant also displays a poorer crystallization success rate than the wild type, but this is harder to explain than the K27S or K29S mutants. Lys6 does not make internal stabilizing interactions within the molecule; rather, in most ubiquitin crystal structures the Lys6 side chain projects outwards from the protein surface and is frequently poorly ordered. This residue would therefore seem to be a good candidate for surface-entropy reduction. The highest conformational variability in the backbone of ubiquitin occurs around residue 6 (Fig. 2) , but it is not clear how this would cause the K6S mutant to resist crystallization. We conjecture (without supporting evidence) that the surface region around Lys6 may be 'sticky' and that the charged lysine group serves to prevent nonspecific aggregation that might otherwise be mediated by this spot.
In conclusion, we have shown that single lysine-to-serine mutations in ubiquitin greatly alter the propensity of the protein to crystallize, consistent with the predictions of the surface-entropy reduction theory. Three structural examples of such altered proteins reveal mutant residues engaging in favorable lattice contacts, but also present evidence for permissive effects, in which crystallization is enhanced by removing the lysine rather than by adding favorable new interactions.
